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Abstract

The completion of the PIP-II project and its superconducting linear accelerator will provide up
to 1.2 MW of beam power to the LBNF/DUNE facility for neutrino physics. It will also be able to
produce high-power beams directly from the linac that can be used for lower-energy particle physics
experiments as well, such as directing beam toward the Muon Campus at Fermilab for example.
Any further significant upgrade of the beam power to DUNE, however, will be impeded by the
limitations of the present Booster synchrotron at the facility. To increase the power to DUNE
by a factor of two would require a new accelerator arrangement to feed the Main Injector that
does not include the Booster. In what follows, a path toward upgrading the Fermilab accelerator
complex to bring the beam power for DUNE to 2.4 MW is presented, using a new rapid-cycling
synchrotron plus an energy upgrade to the PIP-II linac. The path includes the ability to instigate a
new lower-energy, very high-power beam delivery system for experiments that can address much of
the science program presented by the Booster Replacement Science Working Group. It also allows

for the future possibility to go beyond 2.4 MW up to roughly 4 MW from the Main Injector.

* This manuscript has been authored by Fermi Research Alliance, LLC under Contract No. DE-AC02-

07CH11359 with the U.S. Department of Energy, Office of Science, Office of High Energy Physics.
t Also at Department of Physics, Northern Illinois University, DeKalb, IL, 60115, USA.; syphers@fnal.gov
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I. MOTIVATION
A. Science Opportunities

Whenever Fermilab has advanced the scale of its long-baseline neutrino detectors, it
has been advantageous to increase proton power to the neutrino source commensurately.

Fig. 1 shows a timeline for detector and accelerator milestones of the Fermilab long-baseline

neutrino program.
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FIG. 1. Past and projected milestones in Fermilab long-baseline neutrino program, as measured

in detector mass and 120 GeV beam power at the Main Injector. [1]

The next flagship long-baseline neutrino experiment at Fermilab, DUNE/LBNF, consti-
tutes an international multi-decadal physics program for leading-edge neutrino science and
proton decay studies [2]. The Proton Improvement Plan IT (PIP-II) is expected to achieve
1.2 MW beam power for the DUNE/LBNF program through the construction of a new
0.8 GeV SRF linac with a series of upgrade and improvements for the Fermilab Booster and
Main Injector [3].

The DUNE program has called for a 2.4 MW upgrade of the LBNF beamline in order
to achieve its long-baseline physics milestones (as recommended by a 2.4-MW upgrade,
DUNE is competitive with and complementary to other long-baseline neutrino experiments
proposed on a similar timescale [4-6]. Figure 2 shows the anticipated fundamental physics
results with the DUNE Technical Design Report deployment scenario.

Protons for the Main Injector are presently supplied by the Fermilab Booster, but the
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FIG. 2. Anticipated DUNE physics results, adapted from [2], with a 2.4 MW upgrade at the
6-year mark. (left) Sensitivity to determining the neutrino mass hierarchy. (center) Sensitivity to

determining a nonzero CP-violating phase. (right) Resolution of the CP-violating phase.

Booster cannot reach the intensity (13 — 30 x 10*?) required to achieve 2.4 MW in the Main
Injector. After PIP-II, the geometry of the Booster will not accommodate further increases
in injection energy. At intensities in excess of the 6.5x10'2 required for PIP-II, collective
effects may lead to prohibitive losses during transition-crossing. Consequently, the 2.4 MW
upgrade must replace the Fermilab Booster with a modern higher-power particle accelerator.
Section II provides an overview of a 2.4 MW upgrade scenario obtained by a combination of
a 2 GeV upgrade of the PIP-II linac, a new Rapid-Cycling Synchroton (RCS) to replace the
Booster, and RF upgrades to the Main Injector complex to accommodate the higher power.
The 2.4 MW upgrade path is also compatible with a subsequent upgrade to 4 MW, through

an increase in the Main Injector ramp rate (see Section V E).

In addition to the long-baseline neutrino program from the Main Injector program, a well-
planned accelerator upgrade should give consideration to the physics opportunities available
at low and intermediate energies. The 2.4 MW RCS option we discuss in this paper is com-
patible with MW-class beam power at low (~2 GeV) and intermediate (~8 GeV) energies,

simultaneous with the Main Injector program (see Section IV).

There is a companion white paper [7] to this document, compiled by the Booster Replace-
ment Science Working group, which surveys the compelling science opportunities available
in next-generation physics experiments. We find a wide scope of physics opportunities that
may be enabled or brought closer to realization by the PIP-II linac upgrade, the new high-

power accelerator, and/or the enhanced power of the Main Injector. The goal of [7] is not
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necessarily to prioritize the potential experiments, perform a cost assessment, or to restrict
siting options to Fermilab. Rather the goal is to inform the accelerator design by describing
experiments that may be proposed in the years ahead and the special beam requirements
needed to pursue them. With this informed accelerator design, we hope that many doors
will remain open to pursue exciting physics goals, such as searches for dark sectors, a variety
of charged lepton flavor violation searches, and precision measurements.

In [7], the science working group has striven to collect possible physics opportunities with
concrete options that are feasible in the short term, but also with a long-term vision. The
Fermilab Booster, replaced by this upgrade, was designed over 50 years ago and has been
utilized well beyond the expectations of its designers. Thinking in the same way with regards
to the Booster’s replacement, we expect the new machine will serve the HEP community for
many decades to come. Versatility and upgradability, therefore, are also core design values.

The structure of [7], is arranged in many numbered sections each of which present physics
opportunities put forth by the community. The topics were discussed in an open virtual
workshop on May 19th 2020 and input was collected from the community in the following
weeks. Every section contains a brief motivation and physics case, and a description of the
experimental setup. Since the goal of that compilation is to inform the accelerator design,
each section also contains a subsection that specifies accelerator needs, such as the type
of beam, the beam energy and intensity, the needed time structure, etc. Each topic also
situates itself in the present context of its global field of study.

The physics topics represent a broad array, pursuing goals in dark sector physics, neutrino
physics, charged lepton flavor violation (CLFV), precision tests, as well as R&D facilities,
both for detector development, and to explore new directions for HEP. The list of presented

topics is shown in Table I and labeled in these broad categories.

B. Beams Available for Science

After the Booster Replacement Science Working group [7] outlined the broad scope of
science opportunities and their individual beam requirements, we outline here how the pro-
posed programs could be powered by the linac and RCS upgrades detailed in the sections
below.

The PIP-II linac beam at 0.8 GeV is intended to support continuous beam users, for



TABLE I. A summary of the physics opportunities presented in this document, categorized by

areas of physics they pursue.

i Dark
i Sectors

CLFV

Precision
i tests R&D

Charged lepton flavor violation: muon to electron conversion

Charged lepton flavor violation with muon decays

Stopped Pion Source

Kaons Decay at Rest

DM searches with Intermediate Energy Protons

High Energy Proton Fixed Target

Electron missing momentum

Nucleon Electromagnetic Form Factors from Lepton Scattering

Electron beam dumps

Muon Missing Momentum

N-Nbar oscillations

Muon Collider R&D and Neutrino Factories

Tau Neutrinos

Rare Decays of Light Mesons

Proton Irradiation Facility

Proton Storage Ring: EDM and Axion Searches -

Test-beam Facility -

Physics with Muonium

Muon Beam Dump

example the proposed mu2e-II experiment [8]. In Section IIID, we describe a 2 GeV ex-
tension of the PIP-II linac for injection into the RCS as well as a dedicated experimental
program. Proposed experiments using 0.8 to 2 GeV cw proton beams include the mu2e-I1
CLFV experiment (see [7] Section 2), CLFV muon-decay experiments (Section 3), nucleon
form factor by muon scattering (Section 8), the MAGE muonium experiment (Section 12),
ultra-cold neutrino and antineutron annihilation experiments (Section 15), and REDTOP

rare-decay program (Section 16).

With a new polarized proton injector into the PIP-II linac (Section III G of this docu-
ment), the linac could accelerate the polarized beam to an electric dipole moment and axion
experiment ([7] Section 16).

Section IVB and IVD of this document describes how a 2 GeV Storage Ring (SR)
could facilitate H™ injection into the RCS. The same ring would be capable of delivering

intense pulses of ~35x10? protons to a new 2 GeV beamline. The SR pulse rate would be
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tightly constrained by a H™ foil-stripping injection, but as much as 60 or 120 Hz with H™
laser-stripping (i.e. a MW-scale program). The proposed experimental program includes
a PRISM-like CLFV experiment ([7] Section 2), as well as a stopped pion and low-energy
dark matter program (Section 4). An important R&D topic will be the performance of
pulse-compression methods for experiments, where we might expect to achieve a factor of
4-5 pulse compression while reducing the per-pulse intensity by less than a factor of 2.

Concurrent with the 120 GeV Main Injector program, the RCS described in this doc-
ument would provide 0.75 MW at 8 GeV (35x10'? protons every 20 Hz cycle). Possible
experiments for the RCS beamline include a kaon decay-at-rest and intermediate-energy
dark matter search ([7] Section 5), muon missing momentum experiment (Section 10), muon
beam dump experiment (Section 11), NuSTORM program and muon collider R&D (Sec-
tion 13), proton irradiation facility (Section 18), and/or any successor experiments to the
current short-baseline neutrino program [9]. For an experiment that requires continuous
beam at intermediate energy, such as the muon beam dump experiment, the muon campus
Delivery Ring performing slow-extraction could be used. Section IV E discusses options for
increasing the beam power, pulse rate and extracted energy of the RCS.

The tau neutrino appearance measurement ([7] Section 17) is an aspect of the DUNE/LBNF
program available at high energy (120 GeV and optimized horns) and high power (80 — 800
events per MW-yr). Obviously, the entirety of the DUNE/LBNF beam program benefits
from the 2.4 MW upgrade, and even further by a subsequent 4 MW upgrade (see Section V E
of this paper).

The Main Injector currently operates a slow-extraction program at 120 GeV, taking 5-7
seconds once every 60 second supercycle, otherwise dedicated to the long-baseline program.
Two experimental proposals use or extend these slow-extraction beamlines, namely a high-
energy dark-matter search ([7] Section 6) and a test beam facility (Section 19). The present
Main Injector slow-extraction is loss-limited, and some improvements may be possible with
modernized slow-extraction hardware and methods. However the proposed experiments do
not require an improvement to slow-extraction efficiency and the 2.4 MW upgrade does not
directly impact slow-extraction efficiency.

For completeness, [7] also highlights several experimental programs that use electrons
or positrons - an electron missing momentum program (Section 7), nucleon form factor

by electron scattering (Section 8), and electron beam dump (Section 9). The 2.4 MW
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proton facility upgrade described in this document does not directly advance any of these
experiments, as the PIP-II p* /H™ linac cannot easily be re-purposed as an electron /positron

accelerator.

Il. ACCELERATOR UPGRADE PATH

A. Introduction

Phase II of the Fermilab Proton Improvement Plan (PIP-II) is driven by the need to
deliver an average of 1.2 MW of proton beam power at energies of 60-120 GeV per proton
on the target to deliver neutrino beams to the DUNE experiment. The new PIP-II super-
conducting linear accelerator system will replace the present Fermilab Linac as the primary
proton source and has the potential to deliver higher intensity proton beams for a future
robust science program, both for DUNE and for a lower-energy, high-intensity facility.

To take full advantage of the DUNE program a further doubling of the beam power on
target to 2.4 MW is being considered. Regardless of the specific configuration of the up-
graded complex, the most significant bottleneck in such an upgrade is the Fermilab Booster
synchrotron which cannot achieve the 13 — 30 x 10%? protons required for 2.4 MW operation
of the Main Injector.

A substantial Booster intensity increase will drive unacceptable space-charge induced
losses unless the injection energy can also be increased [10], but it will not be possible for the
Booster to increase injection energy beyond the 0.8 GeV PIP-II upgrade. The length required
for an appropriate H™ injection straight (at least 1.4 GeV) cannot be accommodated by the
Booster magnet layout or even the tunnel geometry. The Booster also faces several unique
challenges - including transition-crossing, limited aperture, severe magnet impedances - that
would be completely eliminated by a modern machine.

A scenario of achieving 2-MW beam power in the Fermilab Main Injector (MI) by replac-
ing the Booster with a new rapid-cycling synchrotron (RCS) was originally laid out in the
2003 Proton Driver Study II (PD2) [11]. In 2010, a superseding RCS proposal was described
in the Project X Initial Configuration Document 2 (ICD-2) [12]. An updated concept [13],
based on the ICD-2 proposal, uses a 2-GeV upgrade of the PIP-II linac with a cost-effective
8-GeV RCS that ramps at 10 Hz and accumulates batches (pulses) in the Recycler. A sep-
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arate RCS scenario for a 2.4-MW Main Injector, featuring a 1-GeV linac, 15-Hz 11-GeV
RCS, and slip-stacking was considered in [1, 14].

Additional upgrade paths have been considered that include the possibility of direct
injection into the Recycler Ring (RR) or MI from an upgraded 8 GeV linac [12]. Injection is
geometrically constrained to be in the MI/RR-10 region and has been further restricted by
the present plan to extract toward DUNE at MI-10. A separate white paper will revisit this
configuration with updates for the current PIP-IT and Main Injector geometries and further
consideration of any technology R&D that is required for high-efficiency injection.

What is presented below is one scenario that can achieve 2.4 MW to DUNE while en-
abling a lower-energy science program that is in line with many of the science opportunities
presented in the previous chapter. While variations of this scenario exist and will no doubt
be contemplated in the future, this scenario meets the essential requirements using exist-
ing methods and technologies and provides a starting point for more detailed studies and

discussions. Below are the main highlights of the scenario:

e Central to the scheme will be the construction of a new RCS system to replace the
existing Booster. Although higher energies could be considered, the output energy of
the RCS presented here is 8 GeV to minimize the impact on existing Main Injector
systems such as the injection infrastructure. The RCS system will run at a higher
repetition rate than the present Booster in order to reduce the fill time into the Main
Injector, and it will be optimized in a variety of ways for high-intensity operation.
Additionally, the RCS design will emphasize compatibility with potential technology

upgrades, which may enable greater stability and performance at higher intensities.

e An extension of the PIP-II linac to 2 GeV allows for a higher injection energy into the
RCS in order to mitigate space charge effects and also expands the science opportuni-

ties with lower energy beams.

e With the higher repetition rate and higher intensity of the RCS system, the slip-
stacking operations performed in the Recycler synchrotron will no longer be required,

simplifying the operation and minimizing the overall accelerator time line.

e Main Injector power supply improvements will reduce the overall cycle time of the

system to under 1 second, improving the average beam power to DUNE.
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The above approach is meant to optimize the existing infrastructure with a new high
intensity accelerator system that can (a) meet the doubling of the beam power for DUNE
in a relatively short period of time, (b) bring to the laboratory a new lower-energy yet very
high-intensity scientific program which best utilizes the new system, and (c) provide a path
to even higher beam power on target for DUNE. The scenario as described removes the need
of the Recycler as a storage ring. Hence, once 8 GeV beam is no longer required for the
present Muon campus, space for an RF upgrade in the MI tunnel is enabled. This, coupled
with a power supply upgrade, would improve the Main Injector ramp rate, providing even
higher beam power to DUNE. As is typical, exact timing and implementation of all phases of
the upgrade will require careful planning and coordination between laboratory management

and the experimental program.

B. Requirements and Limitations

The following basic principles were adhered to in arriving at the proposed injector upgrade

path:

e The accelerator complex development will be based on the capabilities and infrastruc-

ture resulting from the implementation of PIP-II.

e The upgrade shall be balanced with respect to the practicality of implementation on

one side, and the potential for further development on the other.
e The upgrade scenario will be based on well-established technologies.

e The upgrade to the complex shall enable reliable and safe operations. The beam losses
shall be kept at a level preventing excessive component and enclosure activation to

allow for safe and efficient accelerator maintenance.

C. Synchrotron and Linac Options

Previous studies of Fermilab upgrade possibilities have considered Linac-based and RCS-
based alternatives, and discussions of each implementation continue. Below is a list of

potential advantages of an RCS-based option:
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